The gas phase stabilities of Group I metal complexes of the polyether ionophore antibiotics lasalocid and monensin were investigated by collision induced dissociation mass spectrometry. Electrospray ionization was used with a triple quadrupole mass spectrometer for the determination of threshold dissociation energies upon application of increasing collision energies. Various data analysis techniques for the determination of dissociation energies are discussed to assess the most suitable method for determining the stabilities of the ionophoremetal complexes studied here. In all cases only the relative stabilities of different complexes may be obtained by the method presented in this study, which does not assess absolute gas phase dissociation energies. Correction factors have been applied, however, to account for the energy conversion during collisions of different metal complexes and the varying degrees of freedom of different sized ligands, allowing for the comparison of the stabilities of different ionophores with like-metals. The measured threshold dissociation energies were compared with respect to the ionic radius of the metal cation, revealing a maximum stability for the K ϩ complexes of both lasalocid and monensin. A striking decrease in the stabilities of the Rb ϩ and Cs ϩ complexes was observed and is believed to be related to a decreasing degree of coordination that the ionophores can accomplish with the larger metals. (J Am Soc Mass Spectrom 2005, 16, 779 -791)
T he polyether ionophores comprise a class of compounds first isolated from bacteria in the 1950s [1, 2] that has grown to consist of approximately 75 base molecules [3] . Of these base structures, thousands of active derivatives have been either isolated or synthesized. Yet all of the compounds owe their potent antimicrobial activity to the intrinsic affinity for cations, specifically the alkali metals that are biologically significant. The biological activity stems from their common ability to encapsulate metal cations by coordination via internal oxygen functional groups while maintaining a lipophilic outer surface of methyl and ethyl substitutents. For survival, bacteria maintain elevated concentrations of Mg 2ϩ and K ϩ inside the cell while selectively extruding Ca 2ϩ and Na ϩ [4] . Metal cations found in substantial abundance in aqueous biological environments are transported through lipid membranes only through the aid of active carrier proteins, without which no trans-membrane movement would be possible. The antimicrobial properties of the ionophores are a result of their ability to move the otherwise insoluble cations through cell membranes, upsetting the natural cation gradient and ultimately causing cell death. Both gram-negative and gram-positive bacterial strains are sensitive to polyether ionophores; however, gram-positive species are typically more affected [5] .
By the 1980s, the crystal structures and solution conformations of many ionophores had been well established by X-ray crystallography [6] and NMR techniques [7] [8] [9] [10] [11] [12] , respectively. It was shown that both in solution and in crystalline form, the ionophores favor a cyclic conformation, initiated by complexation with a cation. In addition, the antibiotics also contain a carboxylic functional group at one end of the molecule and can very often form intramolecular bonds to further facilitate and strengthen the cyclic structure. Computational studies have been widely applied to further elucidate the conformation and stabilities of ionophores both in solution [13, 14] and the gas phase [15] . The structures of two of the most commonly used ionophores, lasalocid A (Las) and monensin A (Mon), are depicted in Scheme 1. The internal oxygen atoms have been shown to be arranged in a distorted octahedral coordination about the central Na ϩ . The binding stabilities and selectivities for different metals have been investigated extensively by potentiometric techniques [16 -25] . Numerous ion transport studies have also been reported, discussing the relative metal-transport abilities of the various antibiotics to biological membranes [26, 27] . Polyether ionophores have found their most common use in the agricultural sector as anticoccidiostats in poultry as well as growth promoters in ruminant animals [28] . Their widespread production and sale as feed additives has prompted interest in monitoring the increase in microbial resistance in both humans and livestock [5] . There is also concern regarding the allowable residual levels found in dairy, poultry and beef products.
As a result, considerable efforts have been undertaken in recent years to develop accurate and sensitive methods for the characterization and quantitation of ionophores. Because of their polarity, high performance liquid chromatography (HPLC) methods are used in quantitative assays. Detection has been achieved by mass spectrometry coupled to various ion sources including electrospray ionization (ESI) [29 -34] , chemical ionization (CI) [35] fast atom bombardment (FAB) [36] and matrix assisted laser desorption ionization (MALDI) [37] . In addition to the development of analytical methods, numerous studies have described fragmentation mechanisms of ionophores using collision induced dissociation (CID) spectra. The sodium complexes of lasalocid [38] and monensin [39] [40] [41] [42] [43] have received considerable attention, as have salinomycin [43, 44] and tetronasin [45] . Furthermore, significant interest has been raised concerning the CID properties of different metal complexes with ionophores, including Group I, Group II, and several transition metals [46] . Recently, our group has prepared an account of the periodic nature of cation affinities for the ionophores lasalocid and monensin, in addition to investigating the metal-induced dissociation pathways of Group I complexes undergoing CID in a triple quadrupole (QqQ) mass spectrometer [47] .°Complexes°of°monensin°and lasalocid with Li, Na, K, Rb, and Cs were prepared in methanolic solution, and the relative gas-phase affinities of the different cations were measured by comparing the onset energies of the free metal. A clear linear relationship was shown to exist between cationic radius and the metal affinity for the antibiotics. In this study, as opposed to determining the metal affinity for lasalocid and monensin, the relative gas phase stabilities of Group I complexes are investigated by examining the threshold dissociation energies of the complexes undergoing CID.
The determination of gas phase stabilities of ionic species has been accomplished by a variety of methods including infrared multi-photon dissociation (IRMPD), blackbody infrared radiative dissociation (BIRD), and CID. The common principle on which each method is based is that the vibrational or internal energy of the ion can be systematically increased by either the absorption of radiative energy or the conversion of translational energy to internal energy via collisions. With each method the analyst is charged with developing a criterion by which the threshold dissociation energy is defined in order to assign relative stabilities to the various species under investigation. In this study, gas phase stabilities of the various ionophore-metal complexes were determined by performing collision energy ramping experiments in a QqQ instrument and analyzing the data using a method suitable for the ionophoremetal complexes investigated here.
Experimental

Chemicals
Sodium salts of lasalocid and monensin were acquired from Sigma-Aldrich (Mississauga, ON, Canada) as were the acetate salts of Li, Na, K, Rb, and Cs and HPLCgrade methanol.
Sample Preparation
One mg·mL Ϫ1 stock solutions of the ionophores were prepared in methanol and stored at 4°C. Serial dilutions of the stock solutions were made to prepare samples at suitable concentrations for infusion into the mass spectrometer. Simultaneously, appropriate quantities of 20 mM stock solutions (in H 2 O) of each of the metal salts were added to the ionophoric solutions to give final concentrations of 0.1 g·mL Ϫ1 for each of the antibiotics with corresponding 10-fold molar excesses of each of the metals. The final compositions of the solutions were approximately 1% H 2 O in methanol, serving to normalize any variations in hydration of the methanol from atmospheric or preparatory contamination. In many cases, a much lower concentration of the metal salt was required to obtain a strong signal than was used. However, the larger metals have lower binding constants than sodium (present in the reagents at substantial levels) so a significant excess must be added. 
Instrumentation
Collision energy ramping experiments (discussed below) were performed using an API 4000 triple quadrupole mass spectrometer (MDS Sciex, Concord, ON, Canada) equipped with a turbo ionspray source. Data acquisition methods were optimized for the sodium salts of the two ionophores utilizing the following pertinent instrument settings.
Lasalocid. Curtain gas (20) , drying gas (0), nebulizer (50) , needle voltage (5000 V), temperature (80°C), declustering potential (80 V).
Monensin. Curtain gas (20) , drying gas (0), nebulizer (60) , needle voltage (5500 V), temperature (75°C), declustering potential (100 V).
Solutions were introduced by direct infusion into the ion source at a flow rate of 5 L·min Ϫ1 . MS n experiments (n ϭ 1 to 5) were conducted using an Agilent (Palo Alto, CA) 1100 Series LC/MSD SL quadrupole ion trap equipped with a low-flow ESI source. The same solutions from above were infused at a rate of 5 L·min Ϫ1 . The precursor ions were preselected in Q 1 and subjected to progressively more energetic collisions in q 2 while several fragment ions were monitored in Q 3 . The collision energy was controlled by varying the potential difference of the inter-quadrupole lens voltages between q 0 and q 2 in the range 5-130 V. As will be discussed below, ionophore-metal complexes are known to exhibit numerous fragmentation pathways including small neutral losses of H 2 O at lower collision energy, cleavages of the "backbone" of the macro-cycle at medium collision energies, and finally expulsion of the free metal cation beyond an intrinsic threshold energy for each specific complex. Replicates of the collision energy ramping experiments were performed in quintuplicate by recording transitions of the precursor ion to the characteristic fragment ions of each species in multiple reaction monitoring (MRM) mode. Typically, three to five fragment species were monitored (depending upon the degree of fragment variety arising from different metals), including the free metal cation and any precursor ions surviving transmission through the collision cell.
CID Spectra and Energy Conversion
To date, descriptions of fragmentation mechanisms combined with accurate mass assignments to product ions in CID spectra have primarily focused upon the sodiated ionophoric species, given that the sodium complexes are the predominant species observed in ESI spectra from both analytical standards and biological extracts. A summary of the commonly observed fragment ions arising from complexes with different metals has appeared in the literature and a qualitative explanation of the relative intensities observed in ESI spectra was°offered°by°Shen°and°Brodbelt° [46] .°Additionally,°in their study, the genealogy of the fragmentation pathways of sodiated lasalocid and monensin were elucidated using double-resonance stored-waveform inverse The first complete account of CID analysis of ionophores°was°presented°by°Kim°et.°al.° [36] .°The°authors describe a system of classifying two types of fragment ions, A-type and F-type. In general, A-type ions of ionophore-metal complexes comprise the metal cation bound to some fragment with the terminal carboxyl group, whereas F-type ions contain the metal cation and a terminal hydroxyl group. In addition to the COC bond cleavages giving rise to the A-and F-type fragments, the ionophores are also well known to undergo multiple losses of H 2 O. The number and intensities of these fragments are thought to be charge-remote induced°processes° [49] °that°may°give°some°indication°of the resilience of the "backbone" structure of the molecule resulting from more stable gas phase geometries when the ionophore is coordinated to a suitable metal. In developing the relative abundance curves, the F-ion, the A-ion, and the free metal were monitored.
The fragmentation pathways of the sodium complex of lasalocid (m/z 613) are given in Scheme 2. In addition to the A-(m/z 359) and F-fragments (m/z 377), three water losses were observed in the CID analysis at m/z 595,°577,°and°559°(Figure°1).°A°closer°look°at°the structure of lasalocid, however, does not reveal easily which portions of the molecule give rise to the observed water losses. To isolate the water losses, MS n was performed using a quadrupole ion trap. The individual water-loss fragments were isolated and submitted to resonance excitation, yielding intact backbone complexes of lasalocid undergoing four consecutive water losses, the last of which was not observed in the CID spectrum°from°the°triple°quadrupole.°Figure°1°also shows product ion spectra of Las·K ϩ , Las·Rb ϩ , and Las·Cs ϩ at the same collision energy showing the effect of the metal on the degree of fragmentation of the different complexes.
Analogous fragmentation pathways were observed for monensin. The sodium complex (m/z 693) exhibits at least three significant backbone cleavages to yield Ftype ions at m/z 617, 501, and 479. As with Las·Na ϩ , three water losses were observed for Mon·Na ϩ , the first two of which are highly abundant in the product ion spectrum, the third being less so.
Having defined species of interest to be investigated by the CID experiments, a further consideration must be made regarding how collisional energy is converted into vibrational energy, if the relative stabilities of ionophore-metal complexes are to be compared. Two main adjustments are widely applied to the laboratory frame collision energies (E lab ). Following a collision event, only a fraction of the laboratory frame potential energy is actually converted to internal energy. In addition, the masses of the ion and the neutral also affect the conversion of collision energy. Eq 1 describes the maximum fraction (f) of energy available to be converted as a function of m n and m ion , the masses of the neutral collision gas and the precursor ion, respectively [50] :
The relationship indicates that more massive ions will have less internal energy transferred than lighter ions. Thus, in order to compare stabilities of complexes with different metals, a correction factor () must be applied and is defined as the ratio of energy conversion fractions for the species of interest and a reference compound.
In this case, the lightest of the complexes investigated is Las·Li ϩ (m ion ϭ 597 Da) and will be defined as the reference complex. Thus, LasLi ϭ 1.00 and the laboratory frame collision voltages of the other complexes will be adjusted according to eqs 1 and 2. Applying the correction factor () allows the comparison of collision energies from instruments using different collision gases and represents the maximum fraction of the laboratory energy that can be converted to internal energy. The correction factor applied here is not intended to represent an estimate of the actual quantity of translational energy converted to internal energy since eq 1 is overly simplistic and for which more rigorous models have been discussed at length in the literature [51] .°Most°importantly,°for°the°assignment°of°relative dissociation energies, the mass correction is employed to take into account the differences in the energy conversion between ionophores of different masses or those bound to different metals. For example, if we consider the heaviest and the lightest Group I metals examined in this study, the more massive Cs complex will have a lower effective transfer of energy from a collision than the analogous Li complex. In the case of Las·Li ϩ and Las·Cs ϩ in collision with N 2 , the maximum possible energy conversions are approximately 2.3 and 1.9% of the laboratory collision energy, respectively. Although small, the differences are not insignificant and should not be neglected.
A second adjustment that has been made was described°by°Ryzhov°et°al.° [52,°53] ,°in°which°the°size°of°the complex undergoing CID is taken into account to reflect the quantity of collisional energy converted to internal energy. Following a collision event, an ergodic process takes place where the energy deposited in the ion is distributed rapidly and evenly among all of the bonds. The average vibrational energy of a single bond resulting from a given collision will decrease when more bonds are available. The number of degrees of freedom (DOF) of a system may be calculated from eq 3, where N is the number of atoms in the ionophore.
A correction factor (␦) can then be calculated for different complexes with respect to the number of degrees of freedom for a reference complex. In this study, lasalocid is the smaller of the two ionophore so it was selected as the reference compound.
When the correction factor is calculated for complexes of monensin, the laboratory collision energy will be reduced to the effective collision energy by a factor ␦ Mon ϭ 0.88, appropriate for the DOF of monensin. It follows that threshold dissociation energies (E D ) calculated for like-metal complexes of lasalocid and monensin may be compared when the correction factor for degrees of freedom is applied.
Data Analysis
Herein is presented a summary of different methods by which threshold dissociation energies have been determined, particularly for noncovalent complexes, and a discussion of the suitability of these methods for the ionophore-metal complexes of interest to us. The ultimate goal of the experiments was to develop a systematic means whereby the relative gas phase stabilities of the various metal complexes can be assigned. The basic process that is being observed is the decomposition of a precursor ion complex following CID. By tracking the relative abundance of the precursor with respect to increasing collision energy, differences in the stabilities of the various metal complexes may be evaluated. Breakdown plots of the abundances of the ion species recorded in the multiple reaction monitoring (MRM) mode of the QqQ experiments were constructed with respect to collision energy. By means of various data analysis techniques, the stabilities of the ionophoremetal complexes were determined. Specifically, it is the threshold dissociation voltage (E D ) that was measured as a function of the laboratory collision voltage. Therefore, we must select a set of criteria that, when applied consistently to the data sets, will yield a chemically relevant value for the threshold dissociation energy of the complex. The following sections briefly summarize previously developed conventions for the determination of dissociation energies of other host-guest systems and describe the application of each method to the dissociation curves of the ionophore-metal complexes. In each case the results have been examined to evaluate the suitability of the definition of the threshold dissociation energy.
E 1/2 Method
The first method for determination of threshold dissociation energy was recently described by Brodbelt and coworkers for analysis of host-guest systems of crown ethers°and°several°amine°compounds° [54] .°The°abun-dances of the crown-amine complexes were monitored and the dissociation energy was defined as the excitation amplitude corresponding to a 50% survival rate of the precursor complex. This method of analysis is illustrated°in°Figure°2a,°using°data°recorded°for°the°CID dissociation of the Las·Rb ϩ complex in the triple quadrupole MS.
A variation of the E 1/2 method was described by Ryzhov°et°al.° [52] ϩ fragment ions are obtained for virtually all of the different peptide complexes, providing justification for the E 1/2 method. However, Figure°2°does°illustrate°that°the°ionophore-metal°com-plexes may not be suitable candidates for analysis in the same way. As a result of significant alternate fragmentation pathways exhibited by ionophore complexes, such as the loss of 236 Da observed for lasalocid (Scheme 1), the disappearance of the Las·Metal ϩ species does not necessarily proceed directly via expulsion of the metal ion. The onset of the metal cation is indicative of the affinity of the metal for an intermediate species and it is not explicitly related to the gas phase stability of the ionophore-metal complex.
Tangent Method
In a previous paper, we have described measurement of the onset energies of metal cations from ionophoremetal°complexes° [47] .°From°similar°experiments°to those°presented°in°Figure°2,°the°portion°of°the°disap-pearance curve where the abundance of the species is between 0.25 and 0.75 was analyzed. A least squares regression analysis was applied, yielding a regression line tangent to the linear portion of the curve where a rapid decrease in the abundance of the complex occurs. By extrapolation of the tangent line to the ordinate, a value for E D is°obtained°as°indicated°in°Figure°3a.
It°becomes°apparent,°when°Figure°3b°is°scrutinized, that blindly applying the tangent method to multiple complexes may yield results that are misleading. First, with the exception of the Las·Rb ϩ complex, all of the disappearance curves have fairly similar shapes and the tangent method yields consistent results for ranking E D . The stability for the Group I complexes of lasalocid would be:
Cs Ͻ Li Ͻ Rb Ͻ Na Ͻ K This result is slightly different from the results that are obtained from the E 1/2 method (50% abundance) and close°examination°of°Figure°3b°reveals:
Cs Ͻ Li Ͻ Na Ͻ Rb Ͻ K Region°III°highlighted°in°Figure°3b°illustrates°the discrepancy that occurs as a result of differences in the shapes of the curves. Although the abundance of the Rb complex remains higher prior to the region of the rapid decay, it is actually the magnitude of the slope of the decay curve that causes the tangent method to return a value that is lower; i.e., the regression line intersects the ordinate at lower collision energy than would be expected for one of the other complexes with a slope of lower magnitude. Regions I and II also point out intersections of other decay curves that may not necessarily affect the validity of the determination of dissociation energies but do serve to illustrate that the various complexes are undergoing different fragmenta- tion processes, or more precisely, are undergoing analogous fragmentation pathways in different proportions.
In real terms, this can be rationalized by an understanding of the fragmentation pathways available to ionophore°complexes.°Figure°1°shows°product°ion°spec-tra of the Na and Rb complexes of lasalocid at a lab collision energy (CE) of 40 V. Although there are neutral losses of water and a low intensity signal for an F-fragment from the Las·Rb ϩ , the dominant pathway is the expulsion of the bare Rb ϩ ion which becomes the sole mechanism at CE Ͼ 50 V and the abundance of the precursor Las·Rb ϩ is rapidly depleted. In contrast, the formation of Na ϩ is not favored at CE ϭ 40 V and does not become a dominant fragmentation mode until much higher collision energies Ͼ100 V. Thus, there are more alternate routes available to the Las·Na ϩ complex and the abundance of the precursor decays more slowly than its Rb counterpart. If strict adherence to the tangent method were applied, one would conclude that the Rb complex is significantly less stable than either the Na or K complexes, when in fact its decay curve shows that its relative abundance remains quite strong after the other complexes have begun to show reductions in abundance.
Critical Slope Method
A third means of analysis of the decay curves involves the use of a method that was originally developed for the determination of appearance potentials or ionization energies. Traditionally, the determination of ionization energies was carried out by irradiating gas phase species with a finely tuned, energy-resolved beam of electrons and monitoring, by mass spectrometry, the abundance of the molecular ion with respect to the°energy°of°the°impinging°electrons° [50] .°A°difficulty similar to that which we have faced in the analysis of the dissociation curves in these experiments was encountered by Honig when he analyzed the appearance potentials°of°hydrocarbons° [55] .°A°thorough°discussion of different methods used by his predecessors was presented in addition to a description of a scenario in which the tangent method provided erroneous results [56] .°In°response,°Honig°suggested°a°method°whereby the appearance curves were replotted on a semi-logarithmic scale to better represent the exponential onset of the°ionized°species.°Figure°4°shows°an°example°of°a typical°onset°curve°plotted°in°both°linear°(Figure°4a) and°semi-logarithmic°(Figure°4b)°scales.°The°critical point (E C ) is defined as the energy below which the onset of the ionic species is logarithmic (linear in a semi-log scale), that is, the energy beyond which the appearance of the ionic species no longer increases exponentially. This corresponds to the point on the appearance curve where the rate of change of the slope reaches a maximum and continues to decrease thereafter.
A direct comparison may be made between Honig's method applied to onset curves and the exponential decay curves of the precursor ionophore-metal complexes in this study. It is suggested that the point on the disappearance curve where the decay rate is no longer increasing (in other words, the point at which the rate of change of the slope reaches a minimum) would best measure, without bias, the threshold dissociation energy. Mathematically, this point is defined as the min- imum of the gradient function d 2 A/dE 2 , where A is the abundance of the ionic species and E is the collision energy.
To identify the threshold dissociation energies of the ionophore-metal complexes according to the definition described above (the point where the gradient is at a minimum), the data were processed by means of a digital filter using the software package Matlab (Mathworks, Mattick, MA). The filtering algorithm was written based upon a simplified least squares method to generate the second differential of the discrete data points from the dissociation curves. These methods, originally introduced to analytical chemists in 1964, have been widely applied to various data processing applications and have since become known as SG filters owing to the now-famous paper by Savitzgy and Golay in°Analytical°Chemistry° [57] .°A°detailed°discussion°of these methods will not be presented herein, however, the reader is directed to a tutorial on digital data filtering°methods° [58] .°The°use°of°matrix°algebraic methods by Matlab allows the calculation of differential functions for discrete data points with ease. In general, the algorithm examines a "window" of data points (the length of which can be specified) and returns the solution to the least squares, nth order polynomial linear regression. The solution is an (n ϩ 1) x p matrix where n is the order of the fitting equation and p is the number of points. For example, a 2nd order SG filter fitting five moving points to the eq f(x) ϭ a ϩ bx ϩ cx 2 , has a least squares solution matrix (A) containing three rows of coefficients; the first row of the matrix contains the linear regression coefficients, the second row contains the first differential coefficients and the third row contains the second differential (gradient) coefficients. 
The new filtered points are then calculated from the dot product of the third row of A (a 3n ) and the window of five points (d i ) from the dissociation data. The calculation is carried out for every consecutive set of five points in the sliding window to generate a vector of filtered data, in this case the gradient. In general each filtered point (p r ) is given by eq 7a and the filtered gradient vector (G) is made up of the N filtered points as in eq 7b. 
It is pointed out that the solution matrix A is dependent only upon the order of the fitting equation and the number of points in the sliding window when the data are equally spaced. The filtered matrix G, can then be calculated for numerous decomposition curves using the same coefficients for A. In this way, the threshold dissociation energies were determined for each of the lasalocid and monensin metals complexes by calculation of the gradient curve and determination of the gradient minima for each complex. The methodology is best°summarized°graphically°in°Figure°5°showing°dis-appearance curves for the monensin-metal complexes and their associated gradient curves.
The comparison serves to point out two characteristics of the measurements; first, that the laboratory frame dissociation energies are not absolute and can be used only to assess the relative stabilities of the different metal°complexes.°Table°1 summarizes the different laboratory dissociations voltages that one would obtain for the Las·K ϩ complex applying the four methods described above. Figure 5 . (a) Disappearance curves for monensin-metal complexes and (b) their associated gradient functions as determined using the SG digital filter. The minimum of the gradient function corresponds to the critical point on each disappearance curve at which the rate of dissociation of the complex is no longer exponential. This energy is defined as the threshold dissociation energy for the complex. The impetus for selecting a particular method is based primarily upon the suitability of its application to the fragmentation pathways exhibited by the complex. The critical slope method is sensitive to the collision energy at which the disappearance of the parent complex is proceeding at the highest rate and thus takes into account the contributions of all of the significant fragmentation routes. Whereas the E 1/2 methods are primarily suited to systems that exhibit only one fragment ion, the tangent method has been shown to be of utility in disseminating appearance potentials when the shapes of the onset curves are all similar. However, the selection of any one method is based purely upon the differences in stabilities between complexes and not the magnitudes of the measurements. The critical slope method is the most appropriate for determination of dissociation energies of the ionophoremetal complexes, not because of the absolute values of the collision energies but because this method best reflects the nature of the decomposition of the various metal species.
Of additional interest is the application of the critical slope method to data from different CID conditions such as those encountered in quadrupole ion traps or Fourier transform ion cyclotron resonance mass spectrometers. As we have reported, different relative abundances of fragment ions have been observed for the ionophore-metal complexes in the QIT than were observed on the QqQ, resulting from differences in the frequency and energetics of°collision°events.°David°and°Brodbelt°reported° [54] °the determination of relative gas phase stabilities using CID by resonance excitation in a QIT in which the collision energy was reported as a function of the amplitude of the excitation potential. Under similar collision conditions, the differences in gas phase stabilities will still be apparent for different complexes and the threshold dissociation energies can be evaluated using the critical slope method. However, no experiments have been completed at this point to determine whether a different trend in stability for different complexes will be observed under different collision conditions. We do hypothesize that the threshold dissociation energy is an intrinsic property of the complex that should be unaffected by collision conditions.
Results and Discussion
Disappearance curves were constructed for the Group I complexes of lasalocid and monensin according to the experimental procedures described previously. Each curve was processed using a seven point, second order SG digital filter to generate the gradient functions. The collision voltages at the minimum of the second order differential curves were then identified as the critical points of the disappearance curves of each of the ionophore-metal°complexes.°Table°2 summarizes all of the threshold stability energies determined via the critical point analysis of the decay curves for lasalocid and monensin. The correction factors for mass () and degrees of freedom (␦) were applied to the laboratory collision voltages to obtain the scaled dissociation energies (E D ).
The laboratory collision voltages also include uncertainties that are simply taken to be the increment by which the collision energy was stepped-in this case by 1 V. The rationale for assigning Ϯ1 V was based upon the fact that the dissociation energy was defined from a point on the gradient curve and is a filtered representation of the abundance data recorded by the mass spectrometer. Thus, although the standard errors of abundance of five replicate experiments were determined to be only a fraction of a percent, a more rigorous condition was applied to estimate the uncertainty by saying that we could not be certain in the assignment of the threshold dissociation energy than being one of the points that were measured. This represents a relative uncertainty of 1-3% (depending upon the magnitude of the laboratory voltage) and is considered reasonable despite being an over-estimate. The insignificant relative errors in the measured abundance and the reproducibility of the disappearance curves upon replication lend a good degree of confidence to the determinations of the relative stabilities of the ionophore metal complexes.
The first observation that can be made is based on a traditional means of comparison to another class of macro-cyclic ionophores, namely crown ethers that also show high tendencies to complex metal cations. It has long been established that there exists a strong relationship between the stability of crown ether-metal complexes°and°the°ionic°radius°of the°cation° [59] ,°and°in solution the stability series for 18-Crown-6 bound to the alkali metals is:
Li Ͻ Na Ͻ K Ͼ Ͼ Rb Ͼ Cs In the previous paper, where we investigated°the Group I cation affinities for lasalocid and monensin, the appearance energies of the free metals were compared with respect to ionic radius revealing a negative correlation with increasing ionic radius as a result of polarizability effects. A similar comparison has°been°made°in°Figure°6°to°investigate°the°relation-ship between cation size and the stability of the complex. It°is°clear°from°Figure°6°that°there°is°a°different trend in the stabilities of the metal complexes than the linear trend that was observed for the metal affinities measured previously. Maximum stabilities were determined for the K ϩ complexes of both Las and Mon and there appears to be a positive linear relationship of increasing stability with cation size through Li ϩ , Na ϩ , and K ϩ . A sharp decline in stability occurs for both ionophores when the ionic radius reaches a threshold between K ϩ and Rb ϩ , at which point there appears to be an inverse dependence. These observations point to a phenomenon that can be explained by the degree of coordination that the ionophore is able to accomplish with cations of varying size. When the first shell coordination geometry most closely matches the conformation of the O atoms participating in coordination with the antibiotic, the most stable species is obtained. The same effect of cationic size, therefore, can be attributed to the antibiotic complexes as is known to exist for crown ethers.
It would also appear that the sharp decrease in threshold stability of the Rb ϩ and Cs ϩ points to a lesser degree of coordination interaction between the ionophore and the larger metals. It is not difficult to imagine that beyond a particular size, the ionophore is no longer able to "encapsulate" the metal but must take on a less favorable geometry, dominated primarily by electrostatic interaction. In addition, it may also be the case that the hydrogen bonding in the "headto-tail" conformation of the ionophore is interrupted beyond a critical diameter of the metal. However, it is found that this hypothesis is not supported upon examination of calculated structures. Juillard et al. [11] °discuss°detailed°in°vacuo°structures°of°metal complexes of lasalocid obtained by semi-empirical calculations, indicating that the cyclic structure remains intact by virtue of the fact that the internuclear OOH hydrogen bonding distance between the head and the tail remained approximately the same for complexes of Li ϩ , Na ϩ , K ϩ , Rb ϩ , and Cs ϩ . The MS 2 spectra of the progressively larger metal complexes that we observed, however, do not support this conclusion. It would appear that some change in molecular conformation takes place if we accept the differences in the threshold stability energies and must deviate from the ideal cyclic conformation for larger metals. Further support for this theory may be taken from the decrease in the relative abundance of the F-type ions observed in the product ion spectra as the metal size increases. Returning to Figure°1,°the°Las·Na ϩ°a nd°Las·K ϩ°c omplexes°give°rise to substantial signals for both A-and F-type ions, whereas Las·Rb ϩ shows a much lower abundance of the F-ion with the A-ion being absent altogether. Examination of the Las·Cs ϩ product ion spectrum shows the abundance of the F-fragment further depressed to Ͻ2% of the total abundance. If the gas phase complexes of the ionophores all have similar conformations and if all tend to coordinate the different metals to the same extent, as is suggested by the calculations, it would seem reasonable to expect Figure 6 . Plots of the stabilities of the Group I metal complexes of (filled circle) lasalocid and (filled square)°monensin°versus°cationic°radius° [60] .°Threshold°dissociation°voltages°(E D ) are corrected for mass differences (m) and vibrational degrees of freedom (␦). that similar fragmentation pathways at similar threshold energies would be observed. In contrast, we suggest that the degree of coordination is interrupted by the large size of Rb ϩ and Cs ϩ , leading to a decrease in the gas phase stability.
One further piece of evidence supporting this hypothesis can be found in the convergence of the threshold dissociation energies for the Rb ϩ and Cs ϩ complexes of lasalocid and monensin. Although the laboratory dissociation energies appear to be quite different, after applying correction factors for mass () and degrees of freedom (␦), the normalized E D values are virtually identical for Las·Rb ϩ and Mon·Rb ϩ and extremely close for Las·Cs ϩ and Mon·Cs ϩ . It would appear that the comparatively higher stability of the monensin complexes (resulting from better coordination geometries than are available to the lasalocid complexes) is diminished when the degree of coordination is reduced by the cation size. In effect, the remaining binding capability is largely electrostatic in nature and is unaided by the advantages of increased coordination.
Conclusions
The final stability trends for the Group I metals are given°in°Table°3.°The°marked°decrease°in°the°stabili-ties of the Rb and Cs complexes is believed to be attributable to the marginal degree of coordination of the ionophore to the metal cation. Further studies are currently underway to extend the stability measurements for Group II cations and some transition metals to explore the interaction between charge density, cationic radius, and coordination geometry. The critical slope method developed here to extract threshold dissociation energies from disappearance curves should be applicable to a wide range of metal-ligand systems regardless of the dissociation pathways available to the system being studied. In particular, we plan to continue our investigations of some of the other commonly available ionophoric antibiotics. Table 3 . Stability trends for the Group I metal complexes of lasalocid and monensin
Lasalocid
Cs Ͻ Li Ͻ Rb Ͻ Na Ͻ K Monensin Cs Ͻ Rb Ͻ Li Ͻ Na Ͻ K
